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Abstract 
Reduced mechanisms for jet fuels, including POSF10264, POSF10325, 
POSF10289, and n-dodecane as a surrogate, are extensively validated and 
investigated in perfectly stirred reactors (PSR). The ability of the reduced models 
to capture extinction limits and the important reaction pathways controlling the 
limit phenomena are investigated using a bifurcation analysis. In particular, 
extinction at conditions relevant to lean blow out (LBO) in jet engines is 
investigated.  
It was found that the reduced models perform well over various equivalence 
ratios, pressures, and temperatures and can accurately capture extinction in PSR. 
The four jet fuels exhibited similar controlling reaction pathways, which involve 
only small molecules such as H, OH, HO2, and CO, at LBO conditions based on 
the results from the bifurcation analysis. The controlling reaction pathways for 
extinction were found to be sensitive to pressure and equivalence ratio, while the 
four jet fuels show nearly identical “S”-curve response near the extinction 
conditions. The four fuels showed nearly identical LBO performance in a PSR and 
thus it is likely that any large differences in LBO performance of the fuels in 
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diffusive environments can be primarily attributed to the differences in their 
physical properties, such as diffusivity, viscosity and boiling point. 
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Chapter 1. Introduction 
1.1. Background 
The increasing demand and limited resources of traditional fossil fuels have 
propelled interest in the development of alternative energy sources. In 2014, 95% 
of the transportation sector’s energy usage was derived from fossil fuels with a 
substantial contribution from aerospace (9%), which is projected to increase further 
in the future [1]. “Drop-in” alternative fuels are needed to eliminate costly 
alterations to existing engines. As an example, the Department of Defense has 
started the Assured Fuel Initiative to eliminate the nation’s dependence on foreign 
oil aiming at domestically deriving half of the military aviation fuel from alternative 
sources by 2016, and have completed a test flight of a B-52 on a mix of 
conventional and alternative fuels [2].   
Flame characteristics and chemical kinetics of alternative fuels and their 
surrogates have been extensively investigated. For instance, Hui et al. [3] conducted 
experiments with synthetic paraffinic kerosene fuels and hydrotreated renewable 
jet fuels to obtain their auto-ignition responses, laminar flame speeds, and 
extinction strain rates. Kumar et al. [4], [5] used a Rapid Compression Machine and 
a counterflow twin flame configuration to experimentally investigate auto-ignition 
characteristics, laminar flame speed and extinction stretch rate for  a conventional 
jet fuel (Jet-A) and an alternative jet fuel (S-8). Ahmed et al. [6] performed 
experimental and numerical studies on synthetic jet fuels in a jet-stirred reactor and 
constructed a chemical kinetic model for 50:50 mixtures of synthetic and 
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commercial jet fuels. Valco et al. [7] investigated the auto-ignition characteristics 
and the effect of chemical composition of traditional military aviation fuels and 
renewable jet fuel replacements on auto-ignition in a RCM at low to intermediate 
temperatures. 
The recent National Jet Fuels Combustion Program (NJFCP) copes with the 
challenge in streamlining the certification of alternative jet fuels by developing a 
generic yet rigorous fuel evaluation method facilitated by kinetic modeling and 
computational fluid dynamic (CFD) simulations [8]. The composition, chemical 
kinetics, and physical properties of current and alternative fuels, and their effects 
on engine performance will be investigated to provide information toward creating 
reliable modeling and design tools for industrial applications [9]. 
The development of high fidelity models of the combustion processes in 
engines requires accurate chemical kinetic mechanisms. However, due to the  large 
number of fuel components and intermediate species formed during the pyrolysis 
and oxidation processes, creating comprehensive kinetic mechanisms for real jet 
fuels by including all important species and reaction pathways is a highly 
challenging task [10]. In addition, the large sizes render detailed mechanisms of 
real jet fuels unaffordable for CFD simulations, and thus the creation of robust and 
accurate reduced kinetic mechanisms is important for high fidelity CFD simulations 
of jet fuel combustion.  
Reduced mechanisms of a variety of fuels have been developed in previous 
studies, and many methods have been developed for mechanism reduction. For 
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instance, Lu et al. [11] developed the method of directed relation graph (DRG), 
which features linear reduction time for constructing skeletal mechanisms. 
Sensitivity analyses have also been used to create skeletal mechanisms [12] which 
is computational expensive when the mechanisms are large. Zheng et al. [13] 
reduced the computational cost of sensitivity analysis using DRG aided sensitivity 
analysis (DRGASA). Lam and Goussis [14] developed the computational singular 
perturbation (CSP) theory that accurately separates the slow and fast chemical 
processes, such that exhausted fast processes can be approximated by algebraic 
equations. Lu et al. [15] used CSP to further develop a criterion for identifying 
quasi-steady state (QSS) species, which can be eliminated from the transport 
equations.  
The ability of a reduced mechanism to capture both ignition and extinction 
chemistry is crucial for predicting limit phenomena in jet fuel combustion, such as 
lean blow out (LBO), ground starting and high-altitude relight. LBO and loss of 
thrust for an operating aircraft poses a significant safety threat while high-altitude 
relight are crucial to recovery of engine combustion. LBO and ignition relight are 
also strongly affected by fuel property variation [16]. Therefore, a systematic way 
to identify the processes controlling limit flame phenomena, such as ignition and 
extinction, is critical for developing and validating chemical kinetic mechanisms 
for jet fuel applications.  
In the diagnostics of numerical and experimental datasets, scalars such as 
temperature and individual species concentrations are frequently used to identify 
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critical flame features [17], however expert knowledge and arbitrary thresholds are 
often required [18]. For large datasets generated from large scale simulations, e.g. 
the peta-scale direct numerical simulations (DNS) at Sandia National Laboratories 
[19], frequent human interaction is typically infeasible for systematic computation 
diagnostics of the massive datasets. To address this challenge, chemical explosive 
mode analysis (CEMA) [20] and bifurcation analysis [21] were developed to 
systematically detect critical flame features in different flames.  
In particular, the bifurcation analysis was first applied in steady state 
combustion systems that feature the “S”-curve response. The turning points on the 
“S”-curves are widely accepted as ignition or extinction states of steady state 
systems. However, it was found in Ref. [21] that extinction can occur before 
reaching the turning points, and flame stability analysis is required to detect flame 
extinction in such cases  [22]. Furthermore, Shan et al. [23] developed a method to 
identify the reactions controlling the bifurcation points and the method will be 
employed in the present study to determine important reaction pathways in jet fuel 
combustion at near-LBO conditions. PSR will be the primary system employed in 
the study at conditions relevant to LBO. Davis et al. [24] used a PSR to investigate 
flammability limits of cavity flame holders in a scramjet. Sigfrid et al. [25] used a 
network of PSRs in series to study the  LBO of industrial swirl stabilized burners. 
PSR theory has also been useful in modeling flame recirculation zones of a 
combustor [26]. However, it is noted that PSR is a homogeneous model and may 
not fully account for the effects in actual flame extinction involving mixing 
processes.  
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1.2. Goal of this Thesis 
The goal of this thesis is to validate reduced mechanisms of POSF10325 and n-
dodecane in PSR at near LBO conditions, identify the controlling chemical  
reactions and performance of jet fuels at LBO using the bifurcation analysis 
developed by Shan et al. [27], and investigate chemical and physical processes  role 
on real world combustor performance.  
1.3. Organization of this Thesis 
The methodologies of the study are presented in Chapter 2. The validation of 
the reduced mechanisms at extinction of a PSR is shown in Section 3.1. Section 3.2 
analyzes important reaction pathways at LBO in a PSR and determines the effects 
of operating conditions on the controlling reaction pathways. Section 3.3 compares 
the extinction behaviors of the different fuels. Chapter 4 summarizes the results 
from the study and indicates potential future work.  
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Chapter 2. Methodologies 
As previously mentioned, the canonical “S”-curve is an important feature of 
steady state PSRs, and a typical “S”-curve is shown in Fig. 2.1. Note that, when 
negative temperature coefficient (NTC) behaviors and cool flames are involved the 
“S”-curves can consist of more branches as shown in [21].  The upper turning point 
on the conventional “S”-curve is accepted as the extinction state and the lower 
turning point as the ignition state. The middle branch of the “S”-curve (the dashed 
segment in Fig. 2.1) is physically unstable and its significance in practical systems 
merits further study. The turning points are bifurcation points that separate unstable 
middle branch from the stable branches and mathematically are associated with 
singular Jacobian [28]. It was further shown that additional bifurcation points may 
exist on the “S”-curves for practical fuels such as DME [23], and extinction may 
occur at these non-turning bifurcation points. Linear stability analysis was 
employed to determine locations of such bifurcation points and the underlying 
controlling processes by Shan et al. [22].   
 As a brief review of the bifurcation analysis, unsteady PSR will be used in 
the following and the governing equations are: 
 𝑑𝑑𝒚𝒚
𝑑𝑑𝑑𝑑
= 𝒈𝒈(𝒚𝒚) = 𝝎𝝎(𝒚𝒚) + 𝒔𝒔(𝒚𝒚), 𝒚𝒚 = [𝑌𝑌1,𝑌𝑌2, … . .𝑌𝑌𝑘𝑘,𝑇𝑇]𝑇𝑇 (2.1) 
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𝜔𝜔𝑖𝑖(𝒚𝒚) =  ?̇?𝑚𝑖𝑖𝜌𝜌 , 𝑖𝑖 = 1,2, … .𝐾𝐾,𝜔𝜔𝐾𝐾+1(𝒚𝒚) = −��?̇?𝑚𝑖𝑖ℎ𝑖𝑖𝜌𝜌𝑐𝑐𝑝𝑝 �𝐾𝐾
𝑖𝑖=1
  (2.2) 
 
𝑠𝑠𝑖𝑖(𝒚𝒚) = 𝑌𝑌𝑖𝑖0 − 𝑌𝑌𝑖𝑖𝜏𝜏 . 𝑖𝑖 = 1,2, …𝐾𝐾, 𝑠𝑠𝐾𝐾+1 = ∑ 𝑌𝑌𝑖𝑖0(ℎ𝑖𝑖0 − ℎ𝑖𝑖𝐾𝐾𝑖𝑖=1 )𝑐𝑐𝑝𝑝𝜏𝜏 , 𝜏𝜏 = 𝜌𝜌𝜌𝜌?̇?𝑀𝑖𝑖𝑖𝑖 (2.3) 
Where 𝒚𝒚 is a vector of dependent variables, 𝑌𝑌𝑖𝑖 is the mass fraction of the ith species, 
and 𝑇𝑇 is the temperature. Bold italic symbols represent vector quantities, bold script 
symbols represent matrices, and non-bold symbols represent scalar quantities. 𝝎𝝎 
represents the chemical source term while 𝒔𝒔 represents the contribution from the 
inlet and outlet of the PSR and shall be referred to as the “mixing term” hereafter.  
?̇?𝑚𝑖𝑖 is the volumetric mass production rate of the ith species, 𝜌𝜌 is the density, 𝐾𝐾 is 
the number of species, ℎ𝑖𝑖  is the specific enthalpy of the ith species,  𝑐𝑐𝑝𝑝  is the 
mixture-averaged specific heat, 𝜌𝜌 is the volume of the reactor, 𝜏𝜏 is the residence 
time defined based on the inlet mass flow rate, ?̇?𝑀𝑖𝑖𝑖𝑖. The super script “0” denotes 
the inlet conditions. 
Stability of the system can be determined by inducing a small perturbation, 𝜹𝜹𝒚𝒚, and 
investigating the response of the system to the perturbation. Let 𝒚𝒚𝟎𝟎 represent the 
steady state of the system, the growth of the perturbation can be linearly 
approximated as: 
 𝑑𝑑(𝒚𝒚𝟎𝟎 + 𝜹𝜹𝒚𝒚)
𝑑𝑑𝑑𝑑
= 𝒈𝒈(𝒚𝒚𝟎𝟎 + 𝜹𝜹𝒚𝒚) ≈ 𝒈𝒈(𝒚𝒚𝟎𝟎) + 𝐉𝐉𝐠𝐠(𝒚𝒚𝟎𝟎)𝜹𝜹𝒚𝒚 (2.4) 
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 𝑑𝑑𝜹𝜹𝒚𝒚
𝑑𝑑𝑑𝑑
≈ 𝐉𝐉𝐠𝐠(𝒚𝒚𝟎𝟎)𝜹𝜹𝒚𝒚, 𝐉𝐉𝐠𝐠 = 𝑑𝑑𝒈𝒈𝑑𝑑𝒚𝒚𝑇𝑇 (2.5) 
Where 𝐉𝐉𝐠𝐠  is the Jacobian evaluated at the steady state of the system. Using 
eigenvalue decomposition the perturbation growth can be expressed as 
 
𝐉𝐉𝐠𝐠 = 𝐀𝐀𝐀𝐀𝐀𝐀, 𝑑𝑑𝜹𝜹𝒚𝒚𝑑𝑑𝑑𝑑 = 𝐀𝐀𝐀𝐀𝐀𝐀𝜹𝜹𝒚𝒚, 𝐀𝐀 = 𝐀𝐀−𝟏𝟏 (2.6) 
 𝑑𝑑𝒇𝒇
𝑑𝑑𝑑𝑑
= 𝐀𝐀𝒇𝒇, where 𝒇𝒇 = 𝐀𝐀𝜹𝜹𝒚𝒚 = 𝐀𝐀−𝟏𝟏𝛅𝛅𝛅𝛅 (2.7) 
 𝑓𝑓𝑖𝑖 ≈ 𝑓𝑓𝑖𝑖0𝑒𝑒
𝜆𝜆𝑖𝑖𝑡𝑡 (2.8) 
where 𝐀𝐀 and 𝐀𝐀 are matrices containing the right and left eigenvectors, respectively, 
𝐀𝐀 is a diagonal matrix containing the eigenvalues,  𝜆𝜆𝑖𝑖 represents the ith eigenvalue  
and 𝑓𝑓𝑖𝑖0 is an arbitrary constant. Based on Eq. 2.8, the presence of an eigenvalue 
with a positive real part will result in exponential growth of the perturbation and 
thus an unstable system. A system with all negative real parts of eigenvalues tends 
to relax toward the steady state when perturbed. Imaginary eigenvalues will lead to 
an oscillatory response but are not of the primary interest in this study.  
For convenience, the “maximum” eigenvalue of the system 𝜆𝜆𝑒𝑒 is defined such that 
 𝑒𝑒 = arg max
𝑖𝑖={1,2,…𝐾𝐾+1}�𝑅𝑅𝑒𝑒(𝜆𝜆𝑖𝑖)� (2.9) 
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 𝜆𝜆𝑖𝑖 = 𝒃𝒃𝒊𝒊𝐉𝐉𝐠𝐠𝒂𝒂𝒊𝒊 (2.10) 
where 𝑅𝑅𝑒𝑒( ) denotes the real part of a number, arg max is the arguments of the  
maximum function, 𝑒𝑒 is the index of the “maximum” eigenvalue, 𝒃𝒃𝒊𝒊 and 𝒂𝒂𝒊𝒊 are the 
left and right eigenvectors, respectively, associated with the eigenvalue 𝜆𝜆𝑖𝑖 . For 
𝑅𝑅𝑒𝑒(𝜆𝜆𝑒𝑒) < 0 the system is stable while for 𝑅𝑅𝑒𝑒(𝜆𝜆𝑒𝑒) > 0 the system is unstable.  
The Jacobian can be further decomposed to determine the contribution 
from each reaction and the mixing term: 
 
𝐉𝐉𝐠𝐠 = � 𝐉𝐉𝐫𝐫𝐼𝐼𝐼𝐼+1
𝑟𝑟=1
, 𝐉𝐉𝐈𝐈𝐈𝐈+𝟏𝟏 = 𝐉𝐉𝐬𝐬 (2.11) 
Where 𝐉𝐉𝐫𝐫 represents the contribution to the full Jacobian from the rth reaction or 
the mixing term, and 𝐉𝐉𝐬𝐬 is the contribution to the full Jacobian from the mixing term. 
𝐼𝐼𝐼𝐼 is the total number of reactions. The importance of each reaction and the mixing 
term at extinction can then be quantified by their contribution to the “maximum” 
eigenvalue. 
 
𝜆𝜆𝑒𝑒 = 𝒃𝒃𝒆𝒆𝐉𝐉𝒂𝒂𝒆𝒆 = �𝒃𝒃𝒆𝒆𝐉𝐉𝐫𝐫𝒂𝒂𝒆𝒆𝐼𝐼𝐼𝐼+1
𝑟𝑟=1
= �𝜆𝜆𝑟𝑟𝐼𝐼𝐼𝐼+1
𝑟𝑟=1
, 𝜆𝜆𝑟𝑟 = 𝒃𝒃𝒆𝒆𝐉𝐉𝐫𝐫𝒂𝒂𝒆𝒆 (2.12) 
Where 𝜆𝜆𝑟𝑟is the contribution of each reaction or mixing term. A Bifurcation Index 
(BI) can be adopted from Shan et al. [22] to normalize individual contributions. 
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𝐵𝐵𝐼𝐼𝑟𝑟 = 𝑅𝑅𝑒𝑒(𝜆𝜆𝑟𝑟)max
r={1,2..II+1}(|𝑅𝑅𝑒𝑒(𝜆𝜆𝑟𝑟)|) (2.13) 
Only the real part’s contribution is considered in the formulation of the bifurcation 
index because only the real part determines the stability. 𝐵𝐵𝐼𝐼 is normalized between 
the values of [-1, 1]. |𝐵𝐵𝐼𝐼𝑟𝑟| close to unity represents important reactions for the 
bifurcation while 𝐵𝐵𝐼𝐼𝑟𝑟 close to zero represents relatively unimportant ones. 
Bifurcation index with opposing signs indicate competing processes. 
The Jacobian in this study is calculated analytically using an in-house code 
to minimize numerical error and reduce computational cost. For more information 
the reader is directed to an extensive study on the performance and advantages of 
using an analytical Jacobian performed by Youssefi [29]. The detailed mechanisms 
for the fuels were developed by Prof. Hai Wang at Stanford University [30] and 
reduced using DRG, sensitivity analysis, Linearized QSSA [31] and validated by 
Yang Gao [32]. The reduction parameter range was the pressure from 0.5 to 30 atm, 
the equivalence ratio from 0.5 to 1.5, 1000 -1600 K as the initial temperature for 
auto-ignition, and 300 K as the inlet temperature for a PSR. A 20% error tolerance 
was used in sensitivity analysis on the target parameters of ignition delay and PSR 
extinction residence time. The mechanisms sizes are shown in Table 2.1.  
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Table 2.1 
Mechanism 
Size 
Molecular 
Formula 
Detailed Mechanism Reduced Mechanism 
 # Species # Reactions # Species # Reactions 
CAT A1 
(POSF 10264) C11H22 112 790 N/A N/A 
CAT A2 
(POSF 10325) C11H22 112 790 29 185 
CAT A3 
(POSF 10289) C12H23 112 790 N/A N/A 
n-Dodecane 
[32][33] C12H26 123 977 24 193 
 
To further investigate the accuracy of the reduced mechanism over a wide 
range of equivalence ratios at near-LBO conditions, an additional mapping of the 
steady state solutions of a PSR was performed. That is to calculate the steady state 
solutions with varying equivalence ratio, resulting in the “O”-curves shown in Fig 
2.2. NTC chemistry behavior can dramatically alter the shape of the curve but its 
effects are not pursued in this study.  The “O”-curve consists of an unstable lower 
branch that is analogous to the unstable middle branch of the “S”-curve, and the 
turning points are identical to those on the “S”-curve. On the “O”-curve the leftmost 
turning point is the LBO limit while the rightmost turning point is the rich blow out 
(RBO) limit.   
As observed in Fig 2.2, the turning points do not necessarily correspond to 
the physical extinction points. Instabilities on the upper branch show that RBO can 
occur prior to achieving the conditions at the right turning point. However the 
instabilities were only observed to occur on the upper branch only when the reactor 
was under conditions that could sustain an extremely rich flame (𝜙𝜙 ≈ 4.2 in Fig 
2.2). Reactors with high inlet temperatures or with long residence times are 
12 
 
examples of conditions necessary for sustaining an extremely rich flame and are 
not investigated in this study. Therefore for this study turning points are equivalent 
to extinction points and are the primary target of LBO analysis. 
  
13 
 
 
 
 
 
 
 
 
Figure 2.1 A canonical “S”-curve [17], the arrows pointing to the upper and 
lower turning points. 
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Figure 2.2 Temperature as a function of equivalence ratio for PSR at a) inlet 
temperature of 394 K, residence time of 1 ms and pressure of 2.04 atm and b) inlet 
temperature of 500 K, residence time of 5 ms, pressure of 10 atm. 
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Chapter 3. Results and Discussions 
3.1. Validation of PSR extinction  
The ability of reduced model to capture the extinctions state in a PSR has been 
tested extensively for equivalence ratio ranging from 0.5 to 1.5, pressure of 0.5 – 5 
atm, and inlet temperature from 250 – 1000 K, which is relevant to jet fuel 
applications [34]. Extinction temperature and residence time predicted by the 
reduced model are compared with the detailed/lumped model for various inlet 
temperatures and pressures. The results for n-dodecane are shown in Figs 3.1 and 
3.2, and those for POSF10325 are shown in Figs 3.3 and 3.4. Figure 3.4 
demonstrates the effect of inlet temperature on extinction residence time. As the 
inlet temperature increases, the flame becomes more difficult to extinguish. Thus a 
higher inlet flowrate is required to extinguish the flame, as indicated by the 
decreased extinction residence time. It can be seen that the reduced mechanisms 
agree well with the detailed mechanisms. The maximum relative errors of the 
extinction residence time in the reduced models are about 19% for n-dodecane and 
14% for POSF10325. The maximum errors of extinction temperature associated 
with the reduced models are about 44 K for n-dodecane and 22 K for POSF10325. 
It is noted that the error in the extinction residence time and temperature of the 
reduced models is rather small considering the uncertainties in the detailed models.  
The reduced mechanisms were also validated for near-LBO conditions derived 
for PSR by Colket et al. [35], as shown in Table 3.1.  
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Table 3.1 Selected near-LBO conditions for  PSR [35]. 
Conditions Tin, K P, atm 𝝓𝝓 
Case 1 394 2.04 .457 
Case 2 394 3.4 .456 
Case 3 450 2.04 .435 
Case 4 450 3.4 .434 
 
The inlet conditions of PSR are fixed at 0.5 ms, 1 ms, and 2 ms for the flame 
conditions in Table 3. Figs 3.5 and 3.6 show the steady state solutions of a PSR as 
a function of equivalence ratio for n-dodecane/air and POSF10325/air respectively.  
It is seen that the reduced models and detailed models agree quite well, especially 
at LBO conditions. The maximum error appears in the lower branch and under rich 
conditions. The error in the lower branch is likely inconsequential towards 
developing an accurate model for practical systems as it is the physically unstable 
branch.  
 
3.2. Reaction Pathway Analysis 
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The reaction pathways at the different LBO conditions used by Colket et al. 
[35]  were investigated.  Important reactions at LBO extinction were investigated 
using the Bifurcation Index (BI) discussed in Chapter 2. The analysis was 
performed using the detailed mechanism of each fuel. The BI results for n-dodecane 
and POSF10264 are shown in Fig 3.7 while those for POSF10325 and POSF10289 
are shown in Fig 3.8. It is seen from that small molecule chemistry dominates the 
extinction process at LBO of the tested fuels. It is also observed that the chemical 
pathways at extinction remain relatively insensitive to the conditions in Table 3.1, 
including difference in residence times. It was found that the following four 
reactions have most significant effect on LBO. 
Table 3.2 Important reactions at LBO identified using bifurcation analysis 
Reaction  Sign of BI  
R1 
H + O2 (+M) ↔ HO2 (+M) - 
R2 
H + O2 ↔ O + OH + 
R3 
CO + OH ↔ CO2 + H + 
R4 OH + OH (+M) ↔ H2O2(+M) _ 
 
It is noted that the order of the reactions does not follow the particular order listed 
in Table 3.2 for all the fuels tested. Particularly the order of R2 and R3 changes 
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depending on the fuel type. As discussed in Chapter 2, different signs indicate 
opposite contribution to the bifurcation. It is seen that the hydrogen sub-chemistry 
plays an important role at LBO as evident by the importance of R1, R2, and R4.  
The roles of R1 and R2 in hydrogen oxidation has been well studied, e.g. in 
affecting the second explosive limit [36].  In the absence of high pressure, 𝐻𝐻𝑂𝑂2 is 
a meta-stable species and thus R1 acts as a chain terminating reaction that impedes 
the branching of radicals. R4 is also a chain termination reaction and shares the 
same characteristics of R1. R2 and R3 are both favorable reactions for sustaining 
the flame, R2 is a chain branching reaction and R3 is an important exothermic 
reaction.  
However, under higher pressures the stability of 𝐻𝐻𝑂𝑂2 is compromised such that 
R1 is no longer a chain termination reaction. The important reactions at LBO of n-
dodecane at elevated pressure are shown in Fig 3.9. As it can be seen, R1 is no 
longer an important reaction pathway. R1’s primary function of creating 𝐻𝐻𝑂𝑂2 no 
longer signifies a chain termination reaction at elevated pressures. The destruction 
of 𝐻𝐻𝑂𝑂2 now plays a greater role to facilitate the creation of 𝐻𝐻2𝑂𝑂 which is a more 
stable species. Formation of 𝐻𝐻2𝑂𝑂 is exothermic which releases heat and promotes 
increased reactivity but is also a chain terminating reaction that depletes the radical 
pool, which tends to reduce the reactivity. These competing factors can be seen in 
Fig 3.9 where the BI of reactions producing 𝐻𝐻2𝑂𝑂 are both positive and negative. 
From Fig 3.9 it can be seen that reactions that produce 𝐻𝐻2𝑂𝑂 and a radical have a 
positive BI (i.e. 𝑂𝑂𝐻𝐻 + 𝑂𝑂𝐻𝐻 ↔ 𝐻𝐻2𝑂𝑂 + 𝑂𝑂)  while reactions that are chain terminating 
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and produce 𝐻𝐻2𝑂𝑂 have negative BI (i.e. 𝑂𝑂𝐻𝐻 + 𝐻𝐻𝑂𝑂2 ↔ 𝐻𝐻2𝑂𝑂 + 𝑂𝑂2). The heat release 
by 𝐻𝐻2𝑂𝑂 formation appears to have little effect on the role of this reaction at LBO. 
Therefore it appears that radical proliferation plays an dominant role in sustaining 
the flame and preventing LBO.  
The pressure dependence of important reactions for n-dodecane at extinction 
can also be seen in Fig 3.10. As can be seen in Fig 3.10, the stability of 𝐻𝐻𝑂𝑂2 seems 
to become compromised at a pressure of approximately 5 atm. The reaction 
pathways are primarily sensitive to pressure change within a pressure range of 5 - 
19 atm. At pressure exceeding 19 atm the reactions’ importance does not undergo 
any dramatic changes. It is because at this point pressure is elevated to such an 
extent that 𝐻𝐻𝑂𝑂2 is no longer stable, and further increasing pressure has little or no 
effect on changing the reaction pathways controlling extinction. 
The effects of pressure on the extinction temperature and extinction equivalence 
ratio are shown in Fig 3.11. The minimum extinction equivalence ratio can be seen 
to occur around pressure of 2 atm. The location of this minimum signifies the 
optimal operating pressure of the PSR reactor for preventing LBO.  However, due 
to the nature of the spatially homogeneous PSR model, physical properties of the 
fuels such as viscosity and diffusivity and their effects on mixing and flow patterns 
are not considered, and thus the optimal operating pressure shown in Fig 3.12 is 
strictly for chemical processes. 
Reaction pathway sensitivity to inlet temperature was also analyzed. In Fig 3.12 
it can be seen that inlet temperature has little to no effect on the important reaction 
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pathways for extinction. Fig 3.12 also contains extinction temperature and 
extinction equivalence ratio as a function of inlet temperature. It can be seen that 
the extinction equivalence ratio monotonically decreases with increasing inlet 
temperature, as the reactivity of the mixture increase with temperature and thus 
allowing for a stronger flame. 
 
3.3. Flame Holding Capabilities 
The flame holding capabilities of individual fuel in PSR were investigated to 
determine the effects the fuel’s composition on LBO. Fig 3.13 shows the BI of 
important reactions at LBO for the four fuels tested. It is seen that the important 
reactions with significant BIs are similar for the different fuels at LBO conditions. 
The similarities in reaction pathways are favorable for the construction of a unified 
reduced mechanism for the different fuels. Fig 3.14 demonstrates the flame holding 
capabilities of each fuel. The intersection points of a drawn horizontal line and the 
curve represent the LBO limit and rich blow out (RBO) limit respectively for a 
specific residence time. It is shown from the figure that the four fuels investigated 
share almost identical LBO performance and slightly different RBO performance. 
It can be concluded that the differences in fuel composition of the fuels tested have 
little effect on the chemical processes that effect LBO performance. 
Section 3.2 concluded that small molecular reactions are the most significant 
chemical reactions pathways at LBO. As oxidation of most hydrocarbon fuels 
involves the same foundation chemistry of small molecules, it appears that 
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chemical properties of individual fuels has little effect on LBO performance, and 
the physical properties of the fuels, such as viscosity and diffusivity, may play an 
important role in any fuel sensitivity of LBO. The importance of physical properties 
should also be considered when choosing and designing surrogate fuels for testing 
of LBO performance.  
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Figure 3.1 Extinction temperature in a PSR for n-dodecane/air as function of inlet 
temperature for different equivalence ratios and pressures. Lines: detailed/lumped 
mechanism, symbols: reduced mechanism.  
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Figure 3.2 Extinction residence time of PSR for n-dodecane/air as function of inlet 
temperature for different equivalence ratios and pressures. Lines: detailed/lumped 
mechanism, symbols: reduced mechanism.  
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Figure 3.3  Extinction temperature in a PSR for POSF 10325 as function of inlet 
temperature for different equivalence ratios and pressures. Lines: detailed/lumped 
mechanism, symbols: reduced mechanism.  
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Figure 3.4  Extinction residence time in a PSR for POSF 10325 as function of inlet 
temperature for different equivalence ratios and pressures. Lines: detailed/lumped 
mechanism, symbols: reduced mechanism. 
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Figure 3.5 Temperature of PSR as function of equivalence ratio for reduced and 
detailed mechanism of n-dodecane at different conditions. Refer to Table 3.1 for 
case number definition. Lines: detailed mechanism, symbols: reduced mechanism.   
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Figure 3.6 Temperature of PSR as function of equivalence ratio for reduced and 
detailed mechanism of POSF10325 at different conditions. Refer to Table 3.1 for 
case number definition. Lines: detailed mechanism, symbols: reduced mechanism.   
0 0.5 1 1.5 2 2.5
1000
1500
2000
2500
Te
m
pe
ra
tu
re
(K
)
φ
0 0.5 1 1.5 2 2.5
1000
1500
2000
2500
Te
m
pe
ra
tu
re
(K
)
φ
0 0.5 1 1.5 2 2.5
1000
1500
2000
2500
Te
m
pe
ra
tu
re
(K
)
φ
0 0.5 1 1.5 2 2.5
1000
1500
2000
2500
Te
m
pe
ra
tu
re
(K
)
φ
 
 
Case 2 
Case 3 Case 4 
Case 1 
28 
 
Figure 3.7 Bifurcation Index of important reactions at LBO for a. n-dodecane and 
b) POSF10264. Bar colors represent different conditions of the PSR referenced in 
Table 3.1, residence time of the reactor is 𝜏𝜏 = 1 ms.  
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Figure 3.8 Bifurcation Index of important reactions at LBO for a) POSF10325 and 
b) POSF10289. Bar colors represent different conditions of the PSR referenced in 
Table 3.1, residence time of the reactor is 𝜏𝜏 = 1 ms. 
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 Figure 3.9 Bifurcation Index of important reactions at LBO of PSR for n-dodecane 
at P= 30 atm, 𝑇𝑇0 = 450 K, 𝜏𝜏 = 1 ms. 
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Figure 3.10 Bifurcation Index of important reactions at LBO of PSR for n-
dodecane as function of pressure at 𝑇𝑇0 = 450 𝐾𝐾, 𝜏𝜏 = 1𝑚𝑚𝑠𝑠.  
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Figure 3.11 Extinction Temperature and equivalence ratio of PSR for n-
dodecane/air as function of pressure at 𝑇𝑇0 = 450 𝐾𝐾 , 𝜏𝜏 = 1𝑚𝑚𝑠𝑠. Second panel is a 
zoom-in of the first panel.   
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 Figure 3.12 a) Bifurcation Index of important reactions at LBO of PSR for n-
dodecane/air as function of inlet temperature, b) extinction temperature and 
equivalence ratio as function of inlet temperature for PSR conditions at 𝑃𝑃 =2.04 atm , 𝜏𝜏 = 1𝑚𝑚𝑠𝑠.  
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Figure 3.13 Bifurcation Index of important reactions at LBO of PSR for 
POSF10264, POSF10325, POSF10289, and n-dodecane at 𝑇𝑇0 = 394 K,𝑃𝑃 =2.04 atm, 𝜏𝜏 = 1ms.    
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Figure 3.14 Extinction residence time of a PSR for POSF10264, POSF10325, 
POSF10289, and n-dodecane, respectively, at a pressure of 2.04 atm. The dashed 
horizontal line represents a constant residence time, its left and right intersection 
points with the curve designate the lean blow-out limit and rich blow-out limit, 
respectively.  
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
10-6
10-4
10-2
100
102
PSR Flame Holding Limits
φ
τ
 
 
Rich Limit Lean Limit 
36 
 
Chapter 4. Conclusions and Future Work 
In this study, reduced mechanisms of n-dodecane and POSF-10325 are 
investigated in PSR and are shown to predict extinction of PSR with good accuracy 
for equivalence ratio of 0.5-1.5, Pressure of 0.5 -5 atm, and inlet temperature of 
250-1000 K. Reaction pathways of n-dodecane, POSF10264, POSF10325, and 
POSF10289 controlling the extinction were also investigated using bifurcation 
analysis and detailed mechanisms. Important extinction chemistry at LBO was 
found to primarily involve small molecules (e.g. 𝐻𝐻,𝑂𝑂𝐻𝐻,𝐶𝐶𝑂𝑂,𝐻𝐻𝑂𝑂2). The reaction 
pathways at LBO were found to be sensitive to pressure that can significantly affect 
the 𝐻𝐻𝑂𝑂2 controlled chain branching pathway. Over the tested conditions, it was 
found that the 𝐻𝐻𝑂𝑂2 formation becomes less important for extinction at a pressure 
of 5 atm and becomes insignificant at 19 atm. Furthermore, the important reaction 
pathways controlling extinction were found to be insensitive to inlet temperature of 
PSR or to fuels types investigated in this study. The four different fuels were found 
to have nearly identical LBO behaviors in PSR. The chemical processes were found 
to contribute little to fuel sensitivity of LBO in PSR over the tested conditions, 
while physical properties of the fuels may play an important role in LBO of real 
combustors. 
Future work is need to construct a universal reduced mechanism for the 
different jet fuels to take advantage of the shared small molecule chemistry for 
extinction problems. Implementation of this reduced mechanism in large scale, high 
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fidelity models is also required in the future to determine the differences in fuel 
performance caused by physical properties of the fuels.  
The reaction pathway analysis at LBO using the Bifurcation Index can also be 
extended to more exotic fuels and smaller hyrdrocarbon fuels. This includes a more 
complete catalogue of fuel effects and determines if there are any additional 
reaction pathways that will affect the LBO performance. 
Future work is required in the investigation of physical properties of fuels and 
the effects the individual properties have on the LBO performance. This is a 
challenging undertaking that would produce valuable insight on the nature of LBO 
and optimizing fuel composition to prevent LBO. 
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